Purpose: Melatonin and celecoxib are antioxidants and anti-inflammatory agents that exert protective effects in different experimental models. In this study, the neuroprotective effects of melatonin and celecoxib were demonstrated against ethanol-induced neuronal injury by in silico, morphological, and biochemical approaches. Methods: For the in silico study, 3-D structures were constructed and docking analysis performed. For in vivo studies, rats were treated with ethanol, melatonin, and celecoxib. Brain samples were collected for biochemical and morphological analysis. Results: Homology modeling was performed to build 3-D structures for IL1β), TNFα, TLR4, and inducible nitric oxide synthase. Structural refinement was achieved via molecular dynamic simulation and processed for docking and postdocking analysis. Further in vivo experiments showed that ethanol induced marked neuronal injury characterized by downregulated glutathione, glutathione S-transferase, and upregulated inducible nitric oxide synthase. Additionally, ethanol increased the expression of TNFα and IL1β. Finally, neuronal apoptosis was demonstrated in ethanol-intoxicated animals using caspase 3 and activated JNK staining. On the other hand, melatonin and celecoxib treatment ameliorated the biochemical and immunohistochemical alterations induced by ethanol. Conclusion: These results demonstrated that ethanol induced neurodegeneration by activating inflammatory and apoptotic proteins in rat brain, while melatonin and celecoxib may protect rat brain by downregulating inflammatory and apoptotic markers.
Introduction
Alcohol abuse and alcoholism are associated with serious health issues across the world. Alcoholics are prone to numerous neurological problems, including learning deterioration, memory deficits, and depression, indicating that ethanol exposure is detrimental to brain development and neuronal proliferation and migration. Alcoholism induces neuronal susceptibility by triggering cascades of pathological events that overwhelm the physiological defense capacity of the brain and subsequently make neuronal cells prone to apoptosis and neurodegeneration. 1, 2 Studies have shown that neuroinflammation occupies a prominent position in ethanolinduced neurodegeneration, as it links to many apoptotic and transduction pathways. Ethanol elevates inflammatory protein levels and alters the antioxidant defense system in the brain. 3 Toll-like receptors (TLRs) have been studied extensively in ethanol-induced neurodegeneration, as they are linked to many downstream cytokine targets, such as TNFα, IL1β, IL6, and MCP1. Rapid activation of astrocytes and microglial cells also release inflammatory cytokines, followed by infiltration of inflammatory cells. 5 Furthermore, these inflammatory factors induce oxidative stress, amass calcium concentration, and inhibit the electron-transport chain. 4 Release of these inflammatory factors aggravates the preexisting situation and renders neuronal cells prone to death, 6 whereas attenuating these inflammatory markers will assist in neuronal survival. 7 Melatonin is a potent antioxidant secreted by the pineal gland. As a powerful free-radical scavenger, melatonin diminishes neuronal death provoked by various neurotoxic substances, and its neuroprotective properties have been demonstrated in different neurodegenerative disorders and ischemic models. [7] [8] [9] [10] The amphiphilic nature of melatonin enables expedient blood-brain barrier permeation, which makes it an ideal candidate drug for brain disorders. 11, 12 Furthermore, melatonin interacts with dozens of receptors and signaling and transducing pathways, giving it multiple promising biological activities. 13 Finally, its low toxicity profile and clinical safety records make it an ideal candidate as a neuroprotective agent. Celecoxib is a US Food and Drug Administration-approved COX2 inhibitor prescribed in the management of various painful and inflammatory conditions. Several studies have demonstrated the anti-inflammatory, antiapoptotic, and antioxidant potential of celecoxib. 14, 15 The neuroprotective effects of celecoxib have also been observed in various neurodegenerative models, such as lipopolysaccharide-induced cognitive deficit and 6-hydroxydopamine-induced degeneration of nigrostriatal neurons. 16, 17 In this study, we examined the neuroprotective effects of celecoxib and melatonin against ethanol-induced inflammatory and oxidative damage in adult rat brain.
Methods

Bioinformatic resources
Sequence information for IL1β, HO1, COX2, Nrf2, TLR4, inducible nitric oxide synthase (iNOS), and TNFα in rats was downloaded in FASTA format from the online UniProt database (http://www.uniprot.org). Sequences of these proteins were aligned in basic local alignment searching tool (BLAST) to probe the closest identical template. The BLAST sequenced the proteins against the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB), which resulted in several protein templates. The template showing high sequence identity was selected for homology modeling. 18 Homology modeling was performed using the online Swiss-Model server. FASTA sequences of selected templates were utilized for modeling. 19 Models generated were further refined by molecular dynamic simulation using Gromacs version 5.0.6 with CHARMM27 force-field parameterization. 15, 20 In short, a dodecahedron box filled with a TIP3P water model was prepared for each protein. CHARMM27 force-field parameters were applied for atomic representation. Systems were neutralized by Na + and/or Cl -counterions. 21 Neutralized systems were further exposed to energy minimization in Gromacs. Energy-minimization parameters were optimized to 50,000 steps at 10 kJ/mol. Well-minimized systems were verified for energy minimization by calculating the potential energy of the system, and protein coordinates were saved as per the PDB for the corresponding protein model. Models constructed were examined for structural stability and quality by validation procedures, such as Procheck 22 (http://deposit.pdb.org/validate) and ProSA https://prosa.services.came.sbg.ac.at/prosa.php). 23 Procheck deals with Ramachandran plots and divides protein residues into φ-and ψ-angles. ProSA validates the quality of the generated model by measuring a quality-score plot. Models then proceeded to docking studies. For docking, model proteins and ligands were prepared as PDB and Mol2, files respectively. Melatonin and celecoxib were first converted to PDBQT format using AutoDock Tools (1.5.6rc2). Both proteins and ligands were then passed through AutoDock Vina docking software, which interprets docking results in the form of binding energy (Evalue). Well-docked poses of ligand in each target protein were further analyzed in Discovery Studio Visualizer in terms of ligand-pose orientation and molecular interactions.
Chemicals
Mouse anti-pJNK, mouse anti-TNFα, mouse anti-COX2, mouse anti-caspase 3, an ABC Elite kit, and 3,3′-diaminobenzidine peroxidase were purchased from Santa Cruz Biotechnology. The secondary antibody goat antimouse was obtained from Abcam. PBS tablets, formaldehyde, proteinase K, H 2 O 2 , and mounting media were obtained from BDH (Germany). Melatonin was purchased from Alfa Asar. Glutathione (GSH), trichloroacetic acid, 1-chloro-2,4-dinitrobenzene, N-(1-naphthyl)ethylenediamine dihydrochloride and 5,5ʹ-dithiobis(2-nitrobenzoic acid) were purchased from Sigma-Aldrich. All other chemicals, including celecoxib, were obtained from local sources after ensuring high analytical grade.
Animal grouping and drug treatment
Adult male Sprague Dawley rats weighing 260-300 g aged 9-12 weeks were obtained from the local breeding facility of Riphah International University. Experiments were carried out in accordance with approved guidelines, and all experimental protocols were approved by the research and ethics committee of Riphah Institute of Pharmaceutical Sciences, Riphah International University, Pakistan. We did not use any blind allocation of rats. Instead, we randomly divided the rats. We adhered to criteria to assign similar-weight animals to the same group under the same experimental condition. Rats were divided into five groups (ten per group): control group (normal saline 1 mL/kg intraperitoneally for 11 consecutive day, ethanol group (2 g/kg intraperitoneally for 11 consecutive days), ethanol + melatonin group (50 mg/kg for 11 consecutive days), ethanol + celecoxib group (50 mg/kg for 11 consecutive days), and (5) ethanol + celecoxib + melatonin group. At the end of treatment, rats were killed using diethyl ether inhalation. Brain tissue collected was dissolved in PBS (approximately 5% w:v, pH 7.4) and homogenized. The homogenate was centrifuged (3,500 g, 15 minutes) and supernatant collected for further biochemical analysis. For histological preparation, tissue samples were fixed in 4% paraformaldehyde, imbedded in paraffin, and 4 μm coronary sections taken with a rotary microtome in five rats per group.
H&E staining
Tissue sections on coated slides were deparaffinized with absolute xylene (100%) and rehydrated with ethyl alcohol (from 100% [absolute] to 70%). Slides were rinsed with distilled water and immersed in hematoxylin for 10 minutes. Slides were then kept under running water in a glass jar for 10 minutes and treated with 1% HCl and 1% ammonia water. The slides were added to eosin solution for 5-10 minutes. After an appropriate time, the slides were rinsed in water and air-dried. Dried slides were dehydrated in graded ethyl alcohol (70%, 95%, and 100%), cleared with xylene, and mounted with glass coverslips. The slides were imaged with light microscopy (Olympus) and analyzed with ImageJ. The number of images per slide was five, focusing specifically on neuronal cell size and shape, inflammatory infiltrated cells, and vacuolation. TIF images were optimized to the same threshold intensity for all groups.
Oxidative enzyme analysis GSH was quantified according to previously reported protocols. Briefly, diluted tissue homogenate was mixed with PBS and freshly prepared 5,5ʹ-dithiobis(2-nitrobenzoic acid) solution and absorbance measured at 412 nm. GSH S-transferase (GST) levels were assayed according to previous protocols with minor modifications. Briefly, equal proportions of GST and 1-chloro-2,4-dinitrobenzene were diluted with 0.1 M PBS (pH 6.5). Optical density was determined at 340 nm after serial dilution form tissue homogenate. 24 
Immunohistochemical analysis
Immunohistochemical staining was performed as described previously, with few modifications. 25 After deparaffinization, slides were processed for the antigen-retrieval step (enzymatic method), then washed with PBS. The endogenous peroxidase was quenched by applying 3% H 2 O 2 in methanol for 10 minutes. Slides were incubated with 5% normal goat serum containing 0.1% Triton X-100. After blocking, slides were incubated overnight with mouse anti-JNK (pJNK), mouse anti-caspase 3, mouse anti-TNFα, and mouse anti-COX2 antibodies (dilution 1:100, Santa Cruz Biotechnology). The following morning, after being washed with 0.1 M PBS, slides were incubated in biotinylated secondary antibody (dilution 1:50) according to the origin of the primary antibody and serum used. Following secondary antibody treatment, slides were incubated with the ABC Elite kit for 1 hour in a humidified chamber, then washed with 0.1 M PBS, stained in 3,3′-diaminobenzidine peroxidase solution, washed with distilled water, dehydrated in a graded ethanol series, fixed in xylene, and coverslipped in mounting medium. Immunohistochemical TIF images were captured with light microscopy.
Statistical analysis
Morphological data were analyzed using ImageJ. Data are presented as means ± SEM. Data were analyzed by oneway ANOVA followed by post hoc Bonferroni multiple comparison using GraphPad Prism 5.
Results
Homology-modeling and validation process
The BLAST of rat IL1β, TNFα, TLR4, and iNOS identified murine IL1β, mouse TNFα, crystal structure of mouse TLR4, and iNOS complex with 7-nitroindazole as the best templates with reference to RCSB and were further processed for Swiss modeling. Generated models for each target were ranked based on global-model quality-estimation score, and the topmost models were chosen for further analysis. 19 Selected models were further subjected to energy minimization via Figure 1A .
The stereochemical integrity of these models was evaluated using Procheck. 22 Ramachandran plots showed amino -acid residues of IL1β, TNFα, TLR4, and iNOS distributed within respective regions ( Figure 1B) . Briefly, amino -acid residues were 90.3%, 88.2%, 90.6%, and 76.6% in the favored regions for iNOS, TNFα, IL1β, and TLR4, respectively ( Figure 1B ). These models were further validated by the ProSA server for potential errors in terms of Z-scores and residual energy. 23 Z-scores generally showed model quality, and negative residual energy values confirmed model uniformity. Z-scores for IL1β (−6.06), TNFα (−7.58), iNOS (−9.77), and TLR4 (−7.98) are shown in Figure 1C .
Fortunately, BLAST analysis of COX2 (UniProt accession number P35355), Nrf2 (UniProt accession number O54968), and HO1 (UniProt accession number P06762) identified the chain A crystal structure of diclofenac bound to the COX active site (PDB 1PXX), human chain A, Nrf2 (PDB 2LZ1), and chain A, crystal structure of rat HO1 in complex with heme (PDB 1DVE) as the best identical-sequence templates (100% sequence identity) in the RCSB PDB, and are represented in the computational analysis in Figure 1D . To further validate the computational results, protein sequences were aligned by Clustal Omega. 24 The results revealed that the entire sequences of these proteins were identical and conserved ( Figure 1E ). The structure of melatonin and celecoxib were retrieved from the PubChem database (https://pub chem.ncbi.nlm.nih.gov/search). The 2-D structures were drawn in ChemSketch, subsequently converted to 3-D, and 
Docking studies
Melatonin and celecoxib ligands were docked in catalytic active pockets of iNOS, IL1β, TNFα, COX2, Nrf2, HO1, and TLR4, as shown in Figures 2 and 3 . Table 1 shows the binding energies and amino-acid residues involved in polar contacts. As demonstrated, three hydrogen bonds were formed between melatonin and iNOS ( Figure 2, A and B) . Pyrrole rings in melatonin formed two hydrogen bonds with Val395 and Pro396 of iNOS, with nitrogen in pyrrole rings as a hydrogen-bond donor (HBD), and oxygen in the methoxy group as a hydrogen-bond acceptor (HBA; Figure 2B ). Similarly, one hydrogen bond was formed between the amide group (consisting of both an HBD and HBA) and the amino acid Ile392 ( Figure 2B ). Apart from this, van der Waals and electrostatic interactions were also observed, which further provided stability to the melatonin-iNOS complex. 26 Docking results of melatonin and IL1β are represented in Figure 2 , D-F. Pyrrole rings in melatonin formed one hydrogen bond with Leu67 of IL1β, and three hydrogen bonds were formed between the amide group (HBD and HBA) and amino acids Leu62 and Lys65 ( Figure 2E) . Figure 2 , G-I shows the docking results of melatonin with TNFα, which revealed that pyrrole rings in melatonin formed one hydrogen bond with Ser98. Moreover, two hydrogen bonds were formed between the carbonyl group of the amide group (HBA) and Ser98 and Tyr114 ( Figure 2H ). Figure 2 , J-L shows docking results of melatonin with COX2 and the formation of one hydrogen bonding between the amino group of amide and amino acid Gly522 ( Figure 2K ). Figure 2N ). Docking results for TLR4 and HO1 are shown in Figure 2 , P-U.
Effect of melatonin and celecoxib on ethanol-induced oxidative enzyme changes
The effect of melatonin and celecoxib on oxidative enzymes were then explored. As shown in Table 2 , ethanol administration increased iNOS expression (P<0.001), but reduced the activity of GSH and GST in brain cortical tissue (P<0.001). Melatonin and celecoxib treatment attenuated the toxic effects of ethanol on oxidative enzymes ( Table 2) .
Effect of melatonin and celecoxib on ethanol-induced neurodegeneration
To further examine the neuroprotective effects of melatonin and celecoxib, H&E staining was performed to examine neuronal loss after ethanol administration. Ethanol produced robust cellular changes in highly prone areas of brain, ie, the cortex and hippocampus ( Figure 4A ), while melatonin and celecoxib treatment attenuated this damage. As shown, ethanol induced aberrant morphological features, including alterations in neuronal size and shape, color staining (cytoplasmic eosinophilia/pyknosis and basophilic nature of nuclei), and vacuolation, whereas significantly more intact cells were observed in melatoninand celecoxib-treated groups (P<0.05, Figure 4B ).
Melatonin and celecoxib attenuated ethanol-induced neuronal apoptosis
p38 MAPK and JNKs are important members of the MAPK family involved in apoptotic pathways. 27 JNK (as pJNK) activates apoptotic cell death by transcriptional and posttranscriptional modification. 28, 29 JNK is critical in death receptor-initiated extrinsic and mitochondrion-elicited intrinsic apoptotic pathways, and is responsible for a significant degree of apoptosis in various degenerative models. 30, 31 To reveal the possible involvement of JNK in the protective effects of melatonin against ethanol-induced apoptosis, immunohistochemical analysis was performed. 
Interaction between melatonin and iNOS (A, B), IL1β (D, E), TNFα (G, H), COX2 (J, K), Nrf2 (M, N), TLR4 (P, Q), and HO1 (S, T). 3-D poses (A, D, G, J, M, P, S) and 2-D (B, E, H, K, N, Q, T). (C, F, I, L, O, R, U)
represents the best pose of melatonin that fitted to iNOS, IL1β, TNFα, COX2, Nrf2, TLR4, and HO1, respectively. Abbreviation: iNOS, inducible nitric oxide synthase. The results showed that ethanol markedly activated JNK and caspase 3 in various cortical segments compared to the control group (P<0.001, Figure 5 ). Treatment with melatonin and celecoxib significantly reversed these changes and reduced expression of pJNK and caspase 3 (P<0.05, Figure 5 ).
Effect of melatonin and celecoxib on inflammatory factors
JNK is involved in both adaptive and innate immunoresponses, as it can be activated by various proinflammatory cytokines, such as TNFα, IL1β, and TLR ligands. Moreover, a feedback mechanism exists between inflammatory cytokines and activated JNK, in which activation of one pathway will activate the other, suggesting critical roles of p38/JNK in inflammation. 32, 33 We thus investigated these inflammatory factors and found elevated expression of TNFα and COX2 after ethanol treatment in various cortical segments. Treatment with melatonin and celecoxib reversed this activation and significantly reduced the expression of TNFα and COX2 ( Figure 6 , P<0.05).
Discussion
In this study, we compared the expression of inflammatory proteins in ethanol-, melatonin-, and celecoxib-treated groups. The focus of the study was to perform bioinformatic analysis and further determine the relative effects of melatonin and celecoxib. Since no 3-D structures for iNOS, TNFα, IL1β, or TLR4 are reported in the PDB for rats, homology modeling was performed to build 3-D structures. The stability of these structures was further assessed by molecular dynamic simulation, which is used to infer the real behavior of atoms under specified environmental conditions and is a well-practiced discipline in biological systems to explore the stability and physiological orientation and/or confirmation of biomolecules. Herein, Gromacs was used to minimize the energy of each modeled structure. We found rat COX2, Nrf2, and HO1 showed 100% sequence coverage with mouse COX2 (PDB 1PXX), human Nrf2 (PDB 2LZ1) and dimeric rat HO1 (PDB 1DVE), respectively, which was further aligned by Clustal Omega. The Omega analysis suggested that sequences of COX2, Nrf2, and HO1 in these species were conserved. Melatonin and celecoxib structures were drawn in ChemSketch and converted to PDB format with Pymol. Docking analysis was performed with Autodock Vina and binding energy evaluated. The interaction of docked poses of ligand (melatonin and celecoxib) in proteins was further visualized by Discovery Studio. Intermolecular interactions play an important role in stabilizing ligand(s) energetically in target protein(s). Therefore, molecular interactions were elaborated in terms of hydrogen bonding, van der Waals forces, and electrostatic interactions. Thorough analysis of computational docking showed that melatonin and celecoxib bound each target protein by forming H-bonds and other hydrophobic interactions. Hydrogen-bond interactions are important for internal stabilization, recognition, and molecular movement. [34] [35] [36] Several studies have demonstrated the significance of hydrogen bonding in ligand-protein complex stability. [37] [38] [39] The most stable interaction of hydrogen bond is observed at a bond distance of 2.6-3.2 A°. We Pro396 Ile392
Trp302(2) Asp312 Tyr277
Gln193 ( Notes: Data presented as means ± SEM. Data analyzed by one-way ANOVA followed by post hoc Bonferroni multiple-comparison test using GraphPad Prism 5. **,## P<0.05; ***P<0.001; *significant difference relative to control; # significant difference relative to ethanol group.
Abbreviations: Mela, melatonin; GST, glutathione S-transferase; iNOS, inducible nitric oxide synthase; GSH, glutathione.
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Drug Design, Development and Therapy 2019:13 speculate that the formation of H-bonds between proteins and ligands (melatonin and celecoxib) supports the correspondent complex stability. The molecular mechanism underlying ethanol-induced neuronal damage is marked by complicated (complex) pathophysiological processes. Ethanol exposure leads to a cascade of events, such as glutamate excitotoxicity, energy failure, and formation of toxic radicals. The present study demonstrated that coadministration of melatonin and celecoxib attenuated neurodegeneration in the ethanol-intoxicated brain by downregulating inflammatory markers and reduced oxidative stress, similarly to previous reports. 40 In line with docking studies (Table 1) , a relatively higher antioxidant effect for celecoxib was observed in the ethanol-administered group (Table 2) , which could partially be explained by the higher binding affinity of celecoxib with inflammatory proteins. Consistently with our results, several other studies have shown that melatonin and celecoxib attenuation activates the MAPK-p38-JNK pathway and inflammation by downregulating the pNFκB-pIKKβ pathway. Moreover, both agents are known to increase Nrf2 nuclear translocation and regulate the expression of genes involved in antioxidant response, 7, 41 which was further supported by the iNOS, GSH, and GST enzyme-activity changes in our study. Inflammation worsens clinical prognosis and compromises therapeutic outcomes in many experimental models by triggering both resident and peripheral cells to migrate to the brain parenchyma, contributing to inflammatory pathogenesis. Release of inflammatory mediators induces ethanol-induced neuronal death by several mechanisms. First, activation of TLR4 on glial cells stimulates stressrelated kinases, such as JNK and p38-MAPK, 42 which triggers the mitochondrial apoptotic pathway. Second, DovePress following the activation of these kinases, inflammatory cytokines are produced, largely by activated microglia, astrocytes, and neurons, within an hour after ethanol insult. 43 Third, activated nuclear transcriptional machinery like NFκB ultimately elicits the production of proinflammatory factors, such as TNFα, IL1β, and NO, eventually aggregating the damage from the initial pathological stimuli. It has been reported that NFκB activation by TLR4 triggers iNOS and COX2 production. 42 Both COX2 and iNOS are toxic mediators of inflammatory cascades whose activity can be downregulated by inhibiting TLR4. 44 We demonstrated attenuated expression of COX2, TNFα, and iNOS by melatonin and celecoxib, indicating their antiinflammatory potential.
Our results are in accordance with previously reported data showing that melatonin and celecoxib prevented COX2 and iNOS overexpression in different models. [45] [46] [47] Furthermore, the effects of celecoxib and melatonin on oxidative enzymes in this study are in line with previously reported data. 48 The detailed molecular mechanisms underlying melatonin's and celecoxib's neuroprotective effects in ethanol-induced neurodegeneration are yet to be explored, but could be partially attributed to neuroinflammatory pathways and free radicalscavenging properties, as demonstrated previously. 48 Consistent studies have demonstrated protective effects of melatonin and celecoxib in several related experimental models. Recent data have shown that melatonin and/or celecoxib may exert beneficial effects on synaptic receptors, inhibiting glutamate surge and calcium overload in brain. 8, 49 In heart tissue, melatonin and celecoxib attenuate inflammationinduced cardiac hypertrophy. 50, 51 Melatonin and celecoxib execute their effects by several mechanisms, such as inflammasomes and Wnt and BMP pathways. [52] [53] [54] Moreover, further studies are required to investigate whether similar mechanisms are involved to mediate the effects of melatonin and celecoxib in ethanol-induced neurodegeneration. 
Conclusion
Ethanol administration activates several proinflammatory mediators, including iNOS, TNFα, and COX2, and is further linked to ROS generation. Melatonin and celecoxib cotreatment synergistically attenuated ethanol-induced oxidative stress and the inflammatory cascade, eventually accounting for its neuroprotective effects against neuronal apoptosis.
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